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The objective of this paper is to draw attention to a possible new approach for measuring the
spin excitation spectrum of a spin array by placing it in intimate contact with the channel of a
spin-valve device in an anti-parallel (AP) configuration. We show, using realistic device parameters,
that the second derivative of the current ∂2I/∂V 2 should exhibit peaks whose location corresponds
to the energy of excitation and whose height is its strength. The effect is maximum for ideal half
metallic contacts in AP configuration but we show that even with contacts that are less than ideal,
the spin signals can be extracted using a de-embedding scheme. Compared to existing techniques
our proposal has three attractive features: (a) high sensitivity down to single spins, (b) high spatial
resolution limited only by the wavefunctions of the individual spins and (c) a relatively common
device structure to which a lot of current research is devoted
PACS numbers: 72.25.Dc
In recent years there has been increased interest in the
dynamics of spin arrays, partly motivated by the possibil-
ity of using such arrays for a wide range of applications,
such as quantum computing1,2,3,4, data storage5, biolog-
ical sensing6, DNA tagging and targeted drug delivery7.
Except for data storage, these applications require the
ability to detect the spin spectra of only a few spins.
This represents a major challenge8,9 and there has been
a number of new approaches which have attempted
to improve on the standard techniques of spin detec-
tion which rely on detecting electronic or nuclear spin
resonance10,11,12,13,14,15. The current state of the art is
magnetic resonance force microscopy in which single spin
resonance detection8 has been recently reported. An al-
ternative approach is to couple the resonance to the cur-
rent flow in an adjoining conductor. Engel and Loss14
proposed a method to detect the single spin decoherence
inside a quantum dot by looking at the charge current.
More recently, Xiao et. al9 reported detection of sin-
gle spin resonance by looking at the current that flows
through a conventional Si MOSFET.
However, a common problem of any type of resonance
detection is the spatial resolution30. With the standard
techniques, it is very difficult to achieve a resolution
below 1µm8. Even with magnetic force resonance mi-
croscopy, which was originally proposed to improve the
spatial resolution, the state of the art is 25 nm. The
lack of spatial resolution a well-known matter of concern
in detecting very small magnetic particles using MRI16.
For quantum computing algorithms too, one often needs
to be able to readout a specific portion of the spin array
with high spatial resolution.
In this paper, we show that a lateral conductor having
spin-polarized contacts in AP configuration (see Fig. 1)
allows one to detect a very small (even one) number of
spins with a spatial resolution limited only by the ex-
tent of the wave function of the individual spins. Ever
since the earliest proposal for a “spin-transistor”17, de-
vices with ferromagnetic contacts have been the focus of
much research effort. However, most of the work is de-
voted towards making parallel contacts. We show that
such parallel configurations are unable to detect the spin
spectra, which should show up if we use the AP configura-
tion instead. In this configuration, the second derivative
of the current with respect to voltage (∂2I/∂V 2) provides
a direct measurement of the spin excitation spectrum.
However, if the contacts do not have perfect injection
efficiency, the spin signatures may get mixed up with
contributions from other effects e.g. electron-phonon in-
teraction. For this case, we propose a ‘de-embedding’
technique that can recover the spin information.
Fig.1 shows the proposed device structure which could
be a spin-valve device5 or a commercial FET with ferro-
magnetic( ideally half-metallic) contacts. The spin array
could, for example, be the paramagnetic traps at the Si-
SiO2 interface of an FET
9, ferromagnetic atoms trapped
inside a host molecule attached to the channel18, or a fer-
romagnetic gate with good exchange coupling with the
channel electrons.
Ideal Contact.- First we assume ideal half metallic con-
tacts such that the source injects (and detects) only ‘+z’-
polarized spins, while the drain injects (and detects) only
‘-z’-polarized spins. The current can flow only if elec-
trons can flip their spins by interacting with a spin ar-
ray.The point is that in this idealized structure any cur-
rent that flows is a measure of the spin-flip scattering
FIG. 1: A schematic showing the top view of the proposed de-
vice. The channel is connected to ferromagnetic/halfmetallic
leads arranged in an anti-parallel configuration. A spin ar-
ray, is placed in close proximity of the channel and affects the
conduction by spin flip scattering through exchange coupling
with channel electrons.
2in the channel region and as such provides a measure of
the excitations of the spin array. In our model, we as-
sume the spin-scattering is caused by an exchange inter-
action between a channel electron and individual spins
of the array. The form of the exchange interaction is
taken to be
∑
Rj
J(r¯ − R¯j)~σ · ~Sj where, r and Rj are
the spatial coordinates and σ and Sj are the spin opera-
tors for the channel electron and j-th spin in the array.
J(r¯−R¯j) is the interaction constant between the channel
electron and the j-the spin in the array. The current flow
in the device is proportional to the difference between the
rates at which the channel electrons are scattered from
‘-z’→‘+z’(denoted by F1) and ‘+z’→‘-z’(denoted by F2):
Is = e
2π
~
(F1 − F2) (1)
where F1 and F2 are given by
F1 =
∑
α,β,m↑,n↓,Rj
| < m ↑, β|J(r¯ − R¯j)~σ · ~Sj |n ↓, α > |
2
δ(Eβ + Em↑ − Eα − En↓)Pαfn↓(1− fm↑)
(2a)
F2 =
∑
α,β,m↑,n↓,Rj
| < n ↓, α|J(r¯ − R¯j)~σ · ~Sj |m ↑, β > |
2
δ(Eα + En↓ − Eβ − Em↑)Pβfm↑(1 − fn↓)
(2b)
Here, α or β is an eigen state of the spin array with
occupation probability Pα such that
∑
α Pα = 1; m ↑
and n ↓ describe the ‘+z’ and ‘−z’ eigenstates of the
electron system with occupation functions fm↑ and fn↓
respectively. Substituting ~σ. ~Sj = σzSz,j + 1/2(σ+S−,j +
σ−S+,j) and replacing sums overm,n with integrals over
the density of states D(E), we obtain
F1 =
∫
dE
[
J0
2D↓(E)
∫
d(~ω)D↑(E − ~ω)
f↓(E) {1− f↑(E − ~ω)}A−(ω)
] (3a)
F2 =
∫
dE
[
J0
2D↓(E)
∫
d(~ω)D↑(E − ~ω)
f↑(E − ~ω) {1− f↓(E)}A+(−ω)
] (3b)
where we have defined:
A−(ω) =
∑
Rj
F (Rj)
∑
α,β
Pα| < β|S−,j |α > |
2δ(Eβ−Eα−~ω)
(4a)
A+(−ω) =
∑
Rj
F (Rj)
∑
α,β
Pβ | < α|S+,j |β > |
2δ(Eβ−Eα−~ω)
(4b)
Here, 1/4|
∫
ψ∗m(r¯)J(r¯−R¯j)ψn(r¯)dr¯|
2 ≡ J20F (R¯j), J0 be-
ing a a constant and F (Rj) representing the functional
variation of interaction with Rj . Strictly speaking, F (Rj)
can depend on m,n; but we have ignored this in the fol-
lowing treatment. Clearly A−(ω) and A+(−ω) describe
the spin excitation spectra of the spin array. Fig. 2(a),(b)
show the current vs. voltage calculated from Eq.(1-3) for
an array of NI spins having excitation spectra A∓(±ω)
as indicated in the figure. Note that the A∓(±ω) in case
1 corresponds to an unpolarized (non-interacting) array,
while those in cases 2 and 3 correspond to arrays polar-
ized in ‘-z’ and ‘z’ directions respectively. Unlike case 1,
which leads to a linear I-V, cases 2 and 3 show rectifi-
cation because a specific polarization allows current to
flow by spin flip scattering only for injection from one
contact but not the other. The curves in Fig.(2(a)) as-
sume Eα = Eβ , whereas for the curves in Fig.(2(b)),
Eβ − Eα = ~ω = 3kT , resulting in a simple shift in the
I-V characteristics along the voltage axis by 3kT .
For the plots in Fig. 2, we have assumed that A±(∓ω)
remains unchanged despite current flow. This will be true
if the relaxation processes (say denoted by γI at ω) are
strong enough to keep A±(∓ω) close to their equilibrium
values A0±(∓ω) despite the spin-flip scattering process
induced by the current. By writing the rate equations for
A−(ω) and A+(−ω) and noting that A−(ω)+A+(−ω) is
a conserved quantity one can show that19
A−(ω)−A+(−ω) =
(γ+ − γ−)
γ+ + γ− + γI
{A−(ω) +A+(−ω)}
+
γI
γ+ + γ− + γI
{
A0−(ω)−A
0
+(−ω)
}
.
(5)
Here, γ− and γ+ are found respectively from Eqs.(3a)
and (3b) by excluding (i)the integral over d(~ω) and (ii)
FIG. 2: I-V characteristics for different spin excitations ac-
cording to Eq.(1-3b) for ideal contact. The simulation is done
using the following parameters: D = m∗LW/(2pi~2), where
L = 100nm and W = 300 nm, while m∗ = 0.2m0, m0 being
the free electron mass. NI = N˜ILW where N˜I ≈ 10
11/cm2,
T = 300K and J0 = 0.02µeV which corresponds to an ex-
change frequency1 of 30 MHz.
3A−(ω) (for γ−) and A+(−ω) (for γ+). From Eq.(5),
A± (∓ω) will remain unaffected by the current if γI >>
γ++γ−. For the parameters used in Fig.(2)(see caption),
this requires γI to exceed (~/10 ns) (T/300K) which is
quite likely in practical systems. Note that, in this case,
the currents shown in Fig.(2) are steady state currents.
But if the condition γI >> γ+ + γ− is not fulfilled, the
currents should be viewed as the transient currents that
flow initially at t=0. Indeed, this effect can then be used
to write information into the spin array20,21.
The integrands of F1 and F2 in Eqs.(3) cancel each
other at all energies if
A−(ω)
A+(−ω)
=
(
f↑
−
1− f↑
−
)(
1− f↓
f↓
)
= e(eV+~ω)/kT (6)
where f−↑ ≡ f↑(E−~ω). This means that the current for
zero bias is zero (see Eq.(1)) if the spins are in equilibrium
with the same temperature so that A−(ω)/A+(−ω) =
exp(~ω/kT ). But if external forces (say, for example, a
resonant r.f. field), drive the spins out of equilibrium,
then the zero-bias current need not be zero and under
the right conditions it may be possible to extract energy
from the spins and deliver it to an electrical load. For
cases 2,3,4 and 6 the spin array is not in equilibrium with
the thermal bath, giving rise to a non-zero current at zero
bias.
Non-Ideal Contact.- Real systems are likely to have
limited spin injection efficiency, resulting in a ballis-
tic current in addition to the scattering current. This
calls for a generalization of the expression for current
(Eq.(1)). If we define the contact couplings for ‘±z’ spins
by ΓL/R;↑/↓, it can be shown using the Non-Equilibrium
Green’s Function (NEGF)method that the terminal cur-
rent is given by
I =
e
~
∫
dE
[
D↑ΓL↑ (fL − f↑) +D↓ΓL↓ (fL − f↓)
]
(7)
where f↑ and f↓ have to be determined self-consistently
from a combination of rate equations describing in and
outflows and current conservation within the device31.
From Eq.(7), it can be shown that
I = IB + I
′
s, (8)
where
IB =
e
~
∫
dE
[
ΓL↑ΓR↑D↑
ΓL↑ + ΓR↑
+
ΓL↓ΓR↓D↓
ΓL↓ + ΓR↓
]
(fL − fR)
(9)
and
I
′
s =
∫
dE
[
ΓL↑
ΓL↑ + ΓR↑
−
ΓL↓
ΓL↓ + ΓR↓
]
I˜s(E) (10)
In Eq.(10),I˜s(E) is defined as e(2π/~)
{
F˜1(E)− F˜2(E)
}
,
where F˜1(E), and F˜2(E) are the integrands of the vari-
able ‘E’ (terms inside the ‘[ ]’) in Eq.(3a) and (3b) re-
spectively. The first term in Eq.(8) is the ballistic current
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FIG. 3: I-V calculated for Non-Ideal contact from Eq.(8).
The injection efficiencies of the source and drain were as-
sumed to be 60% and 40% respectively. Two spin excita-
tions of ~ω = 2.5 and 5 meV were assumed. (a)Total cur-
rent. No features can be detected due to large contribution
from ballistic current. (b) The second derivative of the total
current. The peaks retain the information of spin scatter-
ing. (c) dotted line—anti-symmetric part of the total cur-
rent: Iasym = I(V ) − I(−V ); solid line—second derivative of
the anti-symmetric part. (d) dotted line—symmetric part of
the total current: Isym = I(V ) + I(−V ); solid line—second
derivative of the symmetric part. The contact couplings are
roughly around 0.1 eV. All other transport parameters are
the same as were indicated in Fig.2. The temperature was
set to T=3K. This is necessary to distinguish among the mul-
tiple peaks which will be otherwise washed away because of
temperature broadening (see Eq.(14)).
(IB) which is clearly a sum of the currents that flow from
left to right in the ‘up-up’ and the ‘down-down’ channels.
On the other hand, the second term I
′
s results from the
scattering current,I˜s(E) flowing between the ‘up-down’
channels and gets distributed according to the conduc-
tance ratios of left and right.
d2I/dV 2 as a signature of spin excitation.-Under small
voltage bias (this is the case for all of our treatments),
IB is linear in applied bias,V , whereas I
′
s, having terms
containing product of two fermi functions, is quadratic in
V . Therefore, even though all features coming from spin
scattering in the current itself is essentially hidden by
a more dominant ballistic part(see Fig.(3(a)), the second
derivative very effectively retains the signature of the spin
excitation (see Fig. 3(b)). For simplicity, we assume
the rate of spin flip scattering, which is proportional to
J2A∓(±ω), is small compared to ΓL/R;↑/↓, so that f↑ ≈
a1fL + b1fR and f↓ ≈ a2fL + b2fR, where
a1 =
ΓL↑
ΓL↑ + ΓR↑
; b1 =
ΓR↑
ΓL↑ + ΓR↑
(11)
a2 =
ΓL↓
ΓL↓ + ΓR↓
; b2 =
ΓR↓
ΓL↓ + ΓR↓
We also assume that the density of states is constant in
4the energy range of interest, which should normally be
true for low bias. Taking the second derivative of the
terminal current (Eq.(8)), noting that the ballistic part
is purely linear and recognizing that the voltage enters
F1 and F2 only through the fermi functions, we obtain
∂2I
∂V 2
= e3
(
2π
~
)
D2J20
∫
d(~ω) [A+(−ω)−A−(ω)]
{a1b2δ(~ω + eV ) + a2b1δ(eV − ~ω)}
(12)
at T = 0. Note that (From Eq.(4))
[A+(−ω)−A−(ω)] =
∑
Rj
F (Rj)
∑
α,β
| < β|S−|α > |
2
δ(Eβ − Eα − ~ω)(Pβ − Pα)
(13)
is a measure of the spin excitation spectrum and is re-
flected in the amplitudes of the two delta functions at
eV = ±~ω, only one of which is non-zero for ideal con-
tacts. This is the main result of this paper. When T 6= 0
the δ is broadened into a convolution of two sech2 func-
tions:
δ(~ω−eV )⇒
∫
dE sech2
(
E
2kT
)
sech2
(
~ω − eV − E
2kT
)
,
(14)
which describes the numerically computed line shapes in
Fig.3 quite well.
Symmetrization.- In the above derivation, we have
dropped ∂2IB/∂V
2 arguing that IB vs. V represents
the current in the absence of spin-flip scattering and
is exactly linear (since D is assumed to be constant).
But, if scattering processes that do not flip spin (like in-
elastic phonon scattering) are present, ∂2IB/∂V
2 is not
zero. However, it is antisymmetric in V (See Refs.22,23)
and therefore, can be eliminated if we take the sym-
metric component of the second derivative by writing
∂2Isym/∂V
2 = ∂2/∂V 2 {I(V ) + I(−V )}, so that the con-
tribution from ∂2IB/∂V
2 cancels out.
Discussion.- Note that the current calculated in Fig.
2 arises from NI = 30 spins in the array interacting with
the channel. This current is many orders of magnitude
larger than the measurement limit, even though we have
used a very conservative estimate for the interaction pa-
rameter J0. This means that even single spins should be
detectable in realistic structures.
We believe that a significant strength of the proposed
techniques stems from its potential spatial resolution.
Since the interaction constant J is determined by the
wavefunction overlap of the spins with the channel elec-
trons, we expect the spatial resolution of our proposed
method to be limited only by the spread of the wave-
functions of the individual spins, which is the ultimate
limit on any measurement technique. For shallow donors
the spin wavefunction extend over distances ≈ aB (Bohr
radius) which is 100A0 in GaAs. Deep level traps have
even more localized wavefunctions.
One requirement for our proposed device is that the
channel length should be much less than the spin-
relaxation length due to other causes like spin-orbit cou-
pling. However, this poses no serious restrictions. For
example, in doped GaAs, spin relaxation lengths over 1
µm has been reported24. Other channel materials of in-
terest like Si, carbon nanotubes etc. are known to have
much weaker spin-orbit coupling.
Ideal half metallic contacts in the AP configuration
leads to ΓL↑ = ΓR↓ 6= 0 and ΓL↓ = ΓR↑ = 0. As seen
from Eq.(8), this situation maximizes the effect of I˜s on
the terminal current (I
′
s =
∫
dEI˜s(E); IB = 0). If, on
the contrary, ΓL↑/ΓL↓ = ΓR↑/ΓR↓, I˜s makes no con-
tribution to the terminal current (I
′
s = 0). This cor-
responds to symmetric unpolarized contacts, which com-
pletely destroys the effects we are seeking to exploit. This
is in qualitative agreement with a previous result25 that
showed, in connection with the ‘zero bias anomaly’ in
tunneling magneto resistance (TMR) devices, that spin-
flip scattering is more prominent when the spin-polarized
contacts are anti-parallel (AP) rather than parallel(P).
We emphasize the fact that the use of the ferromag-
netic contacts make it possible to detect the spin spec-
tra without having to put an external microwave signal.
However, the proposed device could be combined with a
microwave signal to measure the spin decoherence time
T2. Near the resonance condition, the total deviation
of the average spin from the direction of static mag-
netic field depends on the frequency of the rf field, ωrf
26.
As a result the current as a function of ωrf will show a
dip whose width is proportional to the transverse deco-
herence time T2. Note from the example in Fig.2, the
changes in the current levels is in the order of nA, which
is easily detectable9.
Our basic result for the current (see Eq.(8)) can be
understood by combining a golden rule treatment of
the spin-flip current(see Eq.(1)) with a heuristic rule
for distributing it between the contacts (see Eq.(10)).
Note, however, that this result is obtained rigorously
from a NEGF treatment. We have also obtained simi-
lar results directly from a Landauer-type scattering for-
mulation with entangled ‘channel electron’- ‘spin array’
states32.
In summary, we have proposed a technique which
should allow one to detect spin excitation spectra of a
spin array. Compared to existing techniques our proposal
has three attractive features: (a) high sensitivity down
to single spins, (b) high spatial resolution limited only by
the wavefunctions of the individual spins and (c) a rela-
tively common device structure to which a lot of current
research is devoted27. Possible applications include sin-
gle spin detection, relaxation time measurements, biolog-
ical sensing of miniature magnetic particles and read out
devices for quantum computing, high density memory5,
spin-wave interconnect and logic applications28.
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